After the successes of flotation of waste-activated sludge (WAS), using the new technique utilizing CO 2 gas as well as using model gas (80% N 2 +20% CO 2 ) in previous research because of the high water solubility of CO 2 gas, the aim of this study is to develop a simple method for dewatering WAS for easier reuse and safe disposal. The paper introduces a laboratory model for dewatering WAS in two stages: flotation followed by filtration. The first stage enables recycling a mixture of greenhouse gases containing 20% of CO 2 and 80% of N 2 gases by volume. The second stage uses a simple compression cell for dewatering WAS. Experiments were carried out to reduce the moisture content and volume of WAS. This was executed using compression force introduced by a low value of air pressure. Using the experimental dewatering model, promising results were obtained. Furthermore, other data were obtained, such as the effect of temperature on the efficiency of dewaterability. It is hoped that the results of this study will lead to further study of collecting industrial CO 2 gas emissions from burning fossil fuels for use in wastewater treatment to decrease the resulting harmful effects of global warming.
INTRODUCTION
Dewatering of waste-activated sludge (WAS) is a physical unit operation used to reduce its moisture content for purposes such as reuse and disposal. Although there are various conventional methods used for this process, current methods still need to be improved or simplified. This paper describes a simple method that has been developed for dewatering floated sludge.
The method uses filtration under air pressure in a closed cell. This method could also be used for fresh sludge, i.e. without flotation. However, flotation of the sludge using a mixture of gases (80% N 2 þ 20% CO 2 ) as a model gas improves the dewatering results and is a novel technique.
The aim is to reduce the sludge volume and moisture content of the WAS by a simple method for dewatering.
This method should produce results equal to or better than those for conventional dewatering methods. Also, using gas produced by factory smokestacks and the burning of fossil fuels may be possible by collecting the emissions using a standard method, such as the down delivery method, through cooperation between the source producing the gas and the treatment plants.
For the flotation stage in conventional methods, air is dissolved in the wastewater under a pressure of several atmospheres, followed by a release to atmospheric level, using the 'supersaturate and release' method (Arora et al. 1995; Edzwald 1995) . This paper determines the usefulness of, instead of air, dissolved CO 2 gas flotation mixed with a model gas. This novel idea comes from the fact that CO 2 gas has about 20-30 times higher solubility than air. This phenomenon depends on the generation of CO 2 microbubbles after the pressure release. It should be noted that the differences in gas composition have little influence on the bubble flotation results. CO 2 gas flotation leads to a decrease in the greenhouse effect in addition to the doi: 10.2166/wcc.2010.014 enhancement of micro-bubble flotation efficiency (Fujisaki & Ishida 1997; Fujisaki 1999; Fujisaki & Nagami 2000) .
For practical uses, the effluent gases from incinerators or factories are not pure CO 2 . Methane and nitrogen are produced with CO 2 gas in a mixture.
A model gas (80% N 2 þ 20% CO 2 ) has been used for flotation of WAS and the method could be extended by recycling that mixture of gases (El-Zahar & Fujisaki 2004 ).
If we apply a simple filtration method using air pressure on the floated sludge, we could reduce the sludge volume and moisture content. As in the previous study, experimental runs using micro-bubbles of a mixture of (80% N 2 þ 20% CO 2 ) gases instead of air were executed. The optimal conditions for CO 2 gas-flotation using the model gas were All samples were exposed to air during the period of experiments to ensure full aeration of the WAS and to keep its physical characteristics constant.
Experimental model
As shown in Figure 3 , the experimental flotation model consisted of two parts. The first part, part (1), was used to dissolve the model gas into the WAS using the gas and liquid circulation methods (Fujisaki 1999; El-Zahar et al. 2000; Fujisaki & Nagami 2000) . The inner diameter of the pressurized tank was 10 cm and the total height was about 100 cm (Fujisaki & Ishida 1997; Fujisaki 1999; El-Zahar et al. 2000; Fujisaki & Nagami 2000) . The second part, the flotation cell (a), was a closed acrylic pipe of 6.4 cm inner diameter and 100 cm in height. The flotation cell has three openings for adding the sludge, exposing to the air pressure and fixing the gauge pressure respectively. Furthermore, the 
Methods
The flow of the two gases which make up the model gas was adjusted to feed the pressurized tank by the required ratio (80% N 2 þ 20% CO 2 ) by volume using electronic flow meters (Figure 4) . In order to generate the micro-bubbles of the gas, the sludge is pressurized in tank (b) of the experimental flotation model (Figure 3 ) and supersaturated in 6 minutes. That period was previously proven to be enough time for supersaturating the sludge with CO 2 gas (Fujisaki & Ishida 1997) . In order to dissolve the model gas into the WAS, the gas circulation and liquid circulation methods were tested in a pressurized tank. After several trials of flotation using pure carbon dioxide (Fujisaki & Ishida 1997) , it was found that about 4 -6 minutes' liquid circulation at the gauge pressure The temperature around the flotation cell was controlled H0 refers to the initial height of sludge, Tsi refers to initial WAS temperature, Tso refers to temperature of WAS around the flotation cell, 10 refers to initial moisture content, Bt refers to bubbling time, Bp refers to bubbling pressure, Sp refers to spouting pressure, Hf60 refers to the height of separated liquor after one hour, 11 refers to final moisture content;
Cs% ¼ 100 £ ð1 2 ðH p 2 H f60 Þ=H0Þ refers to the volume reduction of WAS after one hour of flotation. No chemicals or flocculants were added during the filtration process. The floated sludge was divided into samples, each weighing about 120 -130 g (Table 3 ).
RESULTS AND DISCUSSION Stage 1: flotation
The experimental data and results are summarized in Table 1 . The value T so (temperature around the flotation cell) was adjusted to a constant value during each run using an electric water bath connected to the water jacket around the sludge tube. The value of S p (spouting pressure) was kept constant at 60 kPa because changing the spouting pressure was ineffective (Fujisaki 1999 ; El-Zahar et al.
2000).
The flotation results are shown in Table 1 . The pH values of the separated liquor after flotation ranged between 6 and 6.5. This means the dissolution of the model gas (80% N 2 þ 20% CO 2 ) was executed and the liquor became more acidic. However, the pH value was higher after using dissolution of pure CO 2 gas because the dissolved amount of CO 2 gas is lower. The significant factors used for flotation process of the sludge are as follows:
(1) final flotation height (H f60 );
(2) sludge volume reduction (C s ); In general, the suspended solids can be considered to be low remembering that the treatment was developed only by physical means, i.e. there were no chemical reactions. It was clear that the same level of solid content or better has been reached using a low value of air pressure (60 -120 kPa).
All the results were obtained without adding any chemicals or flocculants, which means the experimental model was highly efficient.
CONCLUSIONS
A study of the pressurized-gas flotation of waste-activated sludge was conducted, in which a model gas (80% N 2 þ 20% CO 2 ) in volume was used in place of air. The aim of this paper was to develop a utilization method of the model gas, which would be collected from the burning gas of fossil fuels by the down delivery method. In addition, a scaled down model of a flotation plant using high solubility of CO 2 in a diluted mixture was intended as well. The key results obtained were as follows:
(1) The solid concentration of floated sludge was about 2 -3%, thus the sludge was concentrated 4 -5 times higher than using conventional dewatering methods ( Figures 7 and 8) ;
(2) The turbidity of the separated liquor was minuscule;
(3) The solubility of the CO 2 gas in the model gas was 10 -25% depending on the temperature degree and the bubbling pressure values;
(4) The pH value of separated liquor was 6 -6.5.
Most of the experimental results were equal to or better than those obtained using conventional methods.
Therefore, the effectiveness of dissolved model gas (80% N 2 þ 20% CO 2 ) flotation was confirmed. Furthermore, without adding any chemicals, the WAS solid fraction increased from 8 to 21% using weak air pressure different mixtures of gases with carbon dioxide, and the
